Introduction
Complex progressive symptomatic spinal deformities associated with local changes in structural integrity and weakening of the biomechanical support may require an anterior, a posterior or sometimes a combined approach, using both instrumentation and bone graft to achieve correction, stabilization and fusion [10, 30, 33, 37] . To facilitate fusion, autogenous bone graft is used most often and the results are well known [5, 12, 22, 26, 27] . The use of a particular type of graft (iliac, rib, fibula or a combination), however, may vary depending on location, size and type of the deformity or defect to be bridged, the type of reconstruction, and the required mechanical support. Whereas cancellous bone grafts are useful in instrumented fusions with no or small bony defects, corticocancellous strut grafts may be required when the graft must provide additional mechanical support.
Iliac grafts have the advantage of an easily accessible donor site, from which cancellous bone can be taken simultaneously as a variety of shapes and sizes of bicortical Abstract In selected spinal deformities the use of a vascularized graft to establish fusion may be considered: compared to a non-vascularized graft it has superior mechanical properties, resulting in greater graft strength and stiffness, and greater effectiveness in facilitating union. Eight patients with a progressive spinal deformity (four cases) and malignancy (four cases) were treated with resection and/or correction and stabilization. To facilitate (multi)level fusion vascularized fibular grafts were used in two cervical and two thoracolumbar deformities. Fibular (two cases) or iliac grafts (two cases) were used in four cases of spinal reconstruction after vertebrectomy for malignancy. In all patients complete incorporation of the graft was obtained within 5 weeks to 8 months postoperatively. Complications occurred in three cases: one patient had a transient laryngeal edema and laryngeal nerve palsy. Another patient had a non-fatal deep vein thrombosis with pulmonary embolisms, successfully treated with anticoagulants. A third patient developed a lung infection and subsequently a deep infection around the dorsal instrumentation; after hardware removal the infection was controlled. At the latest followup (mean 30 months, range 24-48 months) six out of eight patients are alive. One patient died 2.5 years after the intervention due to widespread metastases, while another patient died in the postoperative period due to unknown reasons. Vascularized bone graft in spinal surgery facilitates primary mechanical stability and rapid fusion, and it has higher resistance to infection. The variety of applications of a vascularized graft may extend the range of indications for the use of grafts in spinal surgery. and tricortical grafts. Alternatively, a rib or a fibula strut graft interposed anteriorly, often in combination with posterior instrumentation, can also provide the desired stabilization and fusion [2, 3, 5, 7, 15, 17] . Rib and fibula are popular for their length and have the advantage of an intact surrounding cortex. The rib, however, is mechanically not always sufficient; therefore, a fibular graft is most often used to stabilize a spinal deformity or defect. Using a nonvascularized strut graft, the graft loses its strength due to the process of creeping substitution, which results in a higher risk of fatigue fracture and the risk of non-union [11, 35] . In this respect, vascularized bone grafts may overcome some of these problems: they show faster ingrowth in the adjoining bone, minimize the extent of creeping substitution, show normal remodeling and tend to resist higher biomechanical loads [3, 11, 15, 20] . Clinical experiences in spinal surgery using vascularized grafts underline these potential advantages [3, 4, 6, 8, 9, 20, 26, 28, 29, 33] .
We present our experiences using vascularized bone grafts to establish spinal reconstruction, stabilization and fusion in eight patients. With the cases presented we would like to demonstrate that a variety of complex spinal deformities and tumors can be corrected using vascularized grafts as an essential part of the surgical procedure.
Materials and methods
Over a 4-year period (1993) (1994) (1995) (1996) we performed a spinal intervention followed by stabilization and reconstruction using vascularized bone graft on eight patients with a progressive spinal deformity (four cases) or a malignant tumor (four cases). Relevant clinical data are summarized in Table 1 . There were three males and five females; ranging in age from 14 to 69 years.
Preoperative treatment
Halo suspension traction was used in three cases (cases 1, 2, 3) to avoid further deterioration of the deformity and of the symptoms. In addition, the suspension traction enabled improvement of the deformity (cases 1, 2, 3), allowed planning of the surgical intervention, ordering of special implants (cases 1, 3), and beginning of medical treatment to enhance the bone mineral content (cases 3, 4). Adjuvant chemotherapy was started in cases 5 and 6.
Angiography
To establish the suitability of the fibula for grafting, a preoperative angiographic analysis of the peroneal vessels was performed in all cases. In two cases (cases 7, 8) angiographic analysis showed a short vascular pedicle of the peroneal artery, excluding the possibility of using the fibula as a free vascularized graft. A vascularized iliac graft was used in these cases. The angiography of the leg was combined with a vertebral angiography in case 1 before starting halo traction, to rule out complications arising from possible angiopathy associated with neurofibromatosis [13] . In addition, a combined angiography was performed in all tumor cases (cases 5-8) for preoperative tumor embolization.
Operative intervention
Two teams of surgeons working simultaneously performed the operative intervention. Harvesting of the vascularized graft and vascular anastomozing was performed by the plastic surgeon. The reasons 5 weeks after operation fibular graft was harvested by a lateral approach. The fibula was separated from the surrounding tissues, leaving the periosteum intact. The peroneal artery and concomitant vein were identified and ligated as distally from the fibula as possible. Thereafter, the fibula was harvested and cut to the required size and shape. The tricortical iliac graft was harvested anteriorly with the attached deep circumflex iliac artery and vein. Simultaneously, the orthopedic surgeon performed the resection, correction and stabilization and prepared the acceptor bed for the fibula.
Results

Case 1
A 14-year-old boy with known neurofibromatosis had a progressive dysplastic cervicothoracic kyphoscoliosis deformity and instability [30] . At presentation the patient was wheelchair dependent, had severe neck pain, progressive pyramidal tract signs and intermittent right arm paresis. Radiographs and CT and MRI studies showed a kyphoscoliosis (40°) with dysplastic changes from C1 to T4, and a spondylolisthesis grade IV of C4 to C5 (92°). Preoperative halo traction was performed to prevent further deterioration, to redress the deformity gradually, and to order special implants. A staged procedure was performed: first a dorsal stabilization of occiput -T8 using special implants followed by an anterior fibular strut graft interposition between C2 and C7 [30] . The postoperative period was uneventful; radiologically assessed incorporation of the graft could be seen after 6 weeks. Neurological symptoms resolved completely. However, 26 months after the intervention, an extended dorsal fusion (T8-L3) was performed due to a progressive thoracolumbar scoliosis of 50°.
Case 2
A 22-year-old woman with known cervical arteriovenous malformations (AVM) involving the epidural space and the vertebrae C4-T1 ( Fig. 1 ) had cervical instability, after a previously performed laminectomy at C3-C6. She had progressive neurologic symptoms of paraparesis of her lower extremities and of her left arm. Her right arm-hand function showed progressive weakness, with muscle force 2-3; she was wheelchair dependent. In the past, multiple cervical embolizations of the AVM had been performed. Radiographs and MRI studies showed the AVM and the cervical kyphosis (15°) and instability C4-C6 (Fig. 1) . During preoperative halo suspension traction, clinical symptoms improved partially. An anterior fibular strut graft was inserted "press-fit" between C3 and T1 ( Fig. 1) .
No posterior or anterior hardware stabilization was performed due to the AVM, the previously performed dorsal intervention, and the weak, spongions and osteoporotic vertebral bodies. Stabilization was established by a halo jacket for 3 months. Vascular anastomoses of the peroneal vessels were made with the superior thyroid artery and the internal jugular vein (like case 1). After surgery a laryngeal edema and a transient recurrent laryngeal nerve palsy were diagnosed, both of which resolved within several weeks. Complete fusion of the single fibular graft was seen after 4 months (Fig. 1) . At 28-months' follow-up, the patient was still improving clinically: she had regained a standing capability and had almost complete recovery of her right arm-hand paresis, improving her daily activities as well as transfers from her wheelchair.
Case 3
A 31-year-old man presented with a progressive generalized pain in his spine radiating to his left lower leg (S1-syndrome). He had lost 27 cm of height (from 196 to 169 cm) in 6 months and had become wheelchair dependent [31] . Plain radiographs and MRI studies showed severe osteoporosis, a thoracic kyphosis of 100°Cobb angle, a fish-like collapse of all thoracolumbar vertebral bodies, and a fracture with some displacement of S1. A staged intervention after a period of halo suspension traction was performed. First, a double-folded fibular strut graft was interposed between T2 and T10 anterolaterally, stabilizing and correcting the thoracic spine. The kyphosis was corrected from 100°to 70°. The peroneal artery was anastomosed to a branch of the aorta, and the peroneal vein to the ductus thoracicus. The following day, a dorsal instrumentation from C6 to S1 was performed, using augmented (calcium apatite cement) pedicle screws from T10 to S1 bilaterally and sublaminar wiring from T9 to C6. Postoperatively, the patient developed a deep vein thrombosis with pulmonary embolisms, successfully treated with anticoagulants. Fusion was seen within 5 months after operation, the displaced S1 fracture healed. Forty-eight months after the operation, the patient was fully mobilized, but had occasional mild back pain. Radiographically, there was an unchanged morphology of the collapsed vertebrae, the fixation material showed no signs of loosening. The thoracic kyphosis was still 70°.
Case 4
A 49-year-old woman with known osteogenesis imperfecta developed a rapid progressive left thoracolumbar scoliotic deformity with progressive back pain radiating to her left lower extremity (L4-L5 syndrome). She walked with crutches, but was most of the time bedridden. Previously, she had been treated for a migratory transient osteoporosis [32] . Radiographs and MRI studies showed a left thoracolumbar scoliotic deformity with collapse of several vertebrae and a severe lateral displacement of the L4 vertebra. DEXA scans confirmed the severe osteoporosis. After medical suppletion therapy, a staged procedure was performed. An anterolateral in situ spondylodesis T12-L4 was performed with an anterior screw-rod system and a vascularized, bisected fibular graft. The screws were augmented with calcium apatite cement; the L4 screw, however, did not get a tight grip. Therefore, the following day, a dorsal spondylodesis L3-S1 was performed using calcium apatite cement to augment the pedicle screws at every level. In addition, laminectomy and foraminectomy L4-L5 were performed and posterolateral bone grafts applied. The postoperative course was uneventful, the patient's neurology improved. At 40-months' follow-up, the patient complained occasionally about chest pain. Radiographically, the graft was completely incorporated, and the position of the hardware was unchanged. There were no signs of loosening.
Case 5
A 16-year-old man, who had undergone resection of a small cell osteosarcoma of the paraspinal ribs at T5-T7, presented 1 year after surgical intervention and adjuvant chemotherapy with a solitary lesion destroying the L5 corpus vertebrae. The patient complained about local pain; he had no neurologic symptoms. Plain radiographs and MRI studies showed an osteoplastic lesion within the Status after laminectomy C3-C6 is also visualized. C, D Anteroposterior and lateral radiographs 4 months after operation show fusion of C3-T2 and correction of the malalignment. E Anteroposterior 3D CT reconstruction 6 months after the operation shows the vascularized fibula graft, inserted at the midline at C3-T2 has been completely incorporated T5 vertebral body touching along the anterior longitudinal ligament the T6 vertebra. Open transpedicular T5 biopsy confirmed the diagnosis of a recurrent small cell osteosarcoma. Treatment consisted of chemotherapy followed by a staged posterior-anterior wide en bloc resection (T5-T6) [9] . Folded fibular grafts were inserted ventrally between T4 and T7, followed by vessel anastomoses. Corticocancellous chips were placed posterolaterally. Histopathologically, the tumor was classified as a non-responder (more than 50 viable tumor cells). The postoperative course was uneventful; after wound healing more cycles of chemotherapy were administered. One year after the intervention, however, multiple lung metastases were detected. The patient died 2.5 years after the re-intervention; there was no local recurrence and the grafts were already incorporated.
Case 6
A 22-year-old woman presented with a soft tissue lesion of her right hypothenar region. In addition, after work up (bone scan, MRI) an isolated lesion in the T11 vertebral body was found. She had no symptoms related to the spinal lesion. Biopsies of both lesions revealed leiomyosarcoma. After induction chemotherapy, a fifth ray resection was performed, followed by a resection of T10 from a dorsal approach [39] . Folded fibular grafts were placed anteriorly between T9 and T11, followed by anastomoses between the peroneal and the intercostal vessels. Corticocancellous chips were placed posterolaterally. Histopathologically, the tumor showed no viable tumor cells (good response) in both specimens. After wound healing, additional regimes of chemotherapy were administered. At 28-months' follow-up, the patient was disease free and had occasional mild back pain. Radiographs and 3D CT reconstructions showed complete incorporation of the folded grafts.
Case 7
A 52-year-old woman presented with a 2-year history of neuralgia-like pain in the thoracic spine. CT and MRI studies showed a paravertebral tumor at T6-T8 invading the T7 vertebral body and the foramen at T7-T8 and T8-T9. There was no invasion of the dura. A CT-guided perthoracic puncture yielded an extra-adrenal, non-functioning paraganglioma [33] . A staged anterior-posterior wide en bloc resection of T6-T8 plus adjacent ribs and a part of the lung was performed. Reconstruction consisted of a dorsal stabilization T2-T12 and a vascularized iliac graft between T5 and T9. The postoperative course was complicated by pneumonia and deep dorsal wound infection, needing local debridement and hardware removal 4 months after the intervention. At time of revision, the graft was vital and firmly incorporated proximally, but only partially incorporated distally. The further postoperative course was uneventful; radiographically the graft was fused within 1 month. At 42-months' follow-up the patient was disease free and fully mobilized, but complained of occasional chest pain. Radiographs and 3D CT images show complete incorporation of the graft.
Case 8
A 69-year-old woman complained of radiating chest pain. A paraspinal mass invading the vertebral bodies T4-T6 and adjacent ribs was shown on MRI studies. CT-guided biopsy at the T5 level revealed a low-grade myxoid liposarcoma. An anterior-posterior marginal en bloc resec- tion was performed: resection of T4-T6 plus adjacent ribs was followed by a reconstruction of T3-T7 with dorsal instrumentation and a vascularized iliac graft. Recovery and wound healing were uneventful; however, the patient died suddenly 5 weeks after the intervention. Autopsy showed no definitive cause of death. Cranial autopsy, however, was not performed on request of the family. Inspection and histology of the spinal segment T4-T7 showed a viable already incorporated graft. There was no tumor left and there were no distant metastases.
The duration of the surgery ranged from 5.5-15.5 h (average 9.5 h), not including the posterior stabilization performed in separate sessions (cases 1, 3, 4) . Average hospital admission was 38 days, ranging from 10 to 110 days.
Data relevant to the vascularized grafts are summarized in Table 2 . Bone union occurred between 5 weeks and 8 months. In four cases the fibular graft was osteotomized subperiostally to adapt the graft to its hostbed. This technique does not interrupt the blood supply of the bone parts as long as the periosteum and the vessels are intact [18, 19, 34] . In five of eight cases technetium bone scans were performed within a month after operation (cases 1, 3, 4, 5, 6). An increased uptake at the site of the vascularized graft was shown in four cases (cases 1, 3, 4, 5), indicating good viability of the graft. One bone scan was inconclusive (case 6).
Discussion
In spinal surgery non-vascularized autogenous bone grafts (chips) are commonly used to bridge small skeletal defects, but this is inadequate for massive defects created by en bloc resections of spinal tumors or in spinal deformities such as high-grade kyphosis and dystrophic changes seen in von Recklinghausen's disease [5, 9, 29] . In these cases, strong strut grafts are recommended with appropriate length, biomechanical strength, and stiffness. Wittenberg et al. [44] investigated the potential postoperative strength of various types of non-vascularized grafts and determined that non-vascularized fibular strut grafts were significantly stronger than all other grafts tested. Fibular strut grafts were 4.5 times stronger than (anterior or posterior) iliac crest grafts in axial compression [44] . A nonvascularized cortical strut graft, however, relies for fusion on creeping substitution that may progress for as long as 2 years postoperatively. During this period the grafted bone is weak and can fracture and there is a risk of nonunion [2, 5, 11, 35] . This may result in deterioration of a deformity or even dislodgment of the graft [5, 20, 26, 29, 43] .
Depending on the type of defect after spinal resection or correction of a deformity, several types of vascularized grafts (fibula, iliac, rib) can be used. A pedicle rib graft has the advantage of not necessitating vascular anastomoses; however, its application is limited. It is too weak, is oval in cross-section, curved, and has a thin cortex [16, 20, 26] . A vascularized fibula overcomes these disadvantages: it is retrievable in sufficient length, has no angulation, and can be used in any location of the vertebral column [41] . When a fibula cannot be used, as in cases 7 and 8, an iliac graft offers a reliable alternative. As shown in the cases presented, a vascularized graft can correct and stabilize a spinal deformity (cases 1, 2, 3) and has resistance to infection (case 7). In addition, an osteotomy of the fibular graft can be performed, leaving the periosteum with vessels intact and functional [18, 19, 34] . In this way, the graft can be inserted as multiply folded strut grafts (cases 1, 3, 6) or fashioned to follow the spinal curvature (case 4). Strong initial fixation of the fusion area stabilizes the corrected deformity, enables compression on strut grafts, facilitates union and avoids dislodgment of a graft. External support is not needed. Therefore, we recommend internal instrumentation in combination with strut grafts. If primary stabilization of the reconstruction cannot be achieved due to failure of tight fixation of screws, augmentation of these screws with calcium apatite cement can be successful, as seen in cases 3 and 4. Evidence from in vivo experiments support this line of action [25] . When posterior instrumentation has been placed, strong anterior fixation of the graft can be achieved by inserting the graft "press-fit" into its prepared acceptor bed. Additional instrumentation is not needed. Occasionally the graft can only be inserted without any internal instrumentation (case 2). In these cases, external stabilization (halo-frame, brace) and immobilization may be needed until fusion has been achieved [6, 40] .
We performed routine angiography of the lower extremity preoperatively to ascertain the quality of the vessels, especially the peroneal vessels. In two cases (cases 7, 8) we chose an iliac bone graft instead of a fibula graft because the pedicle of the peroneal vessel was in both cases too short to be used. If indicated, the angiographic intervention will include an angiography of tumor vessels in order to perform embolization (cases [4] [5] [6] [7] [8] or to exclude arterial anomalies (case 1).
Usually, vessel anastomoses cause no problem; most often branches of the aorta and of the vena cava or intercostal vessels are used. During resection of a tumor or correction of a deformity, however, dissection and ligation of vessels should be done with great care and in consultation with the plastic surgeon. If suitable veins are not available, anastomosis between the peroneal vein and the ductus thoracicus can be performed (case 3). In addition, even from a dorsal approach (case 6) it is technically feasible to perform vessel anastomoses.
Determination of the viability of the graft can be difficult because of the so-called "buried position". Bone scan performed within several weeks after surgery might show increased uptake confirming intact vascularity [29] , but its clinical relevance is questionable. If circula-tion is defective, a revision of the anastomoses is not feasible [42] .
There are several potential disadvantages to harvesting a vascularized fibular or iliac graft. Persistent donor site pain following iliac crest grafting has been reported [1, [21] [22] [23] [24] . In some patients the complaints may become chronic and disabling; the risk is particularly high after retrieving large iliac grafts [36] . Other complications like infection, hematoma and fracture of the anterior superior iliac spine have been described. To overcome some of these problems, careful preparation, modifying the harvesting technique and reconstruction of the defect with either part of a rib or a small AO-plate and bone slivers have been recommended [1, 9, 23, 37] . A resection of the fibula that ends too distally and does not regenerate may end in a functional valgus of the ankle joint, especially in cases with an open epiphysis [14] . Sufficient length of the distal fibula attached to the ankle could overcome this problem.
Conclusion
Considering the possible complications, the prolonged operation time and an increased period of hospitalization, a balance must be sought between the expected benefits of using a vascularized graft in spinal reconstruction and the risks taken. In the authors' opinion, however, vascularized fibula or iliac crest graft is valuable and can improve and maintain the operative result in selected cases of highgrade kyphosis, dystrophic deformities, and spinal tumors. In osteoporosis, vascularized grafts can also be used, providing structural support and stability. Free vascularized grafts can be used on every level of the spinal column, the graft provides enough strength and stability, facilitates fusion and has resistance to infection. The possibility of preparing fibular grafts in different shapes, bisecting them lengthwise or cross-sectionally while leaving the vascularization intact, means they can offer an extensive range of indications for use as a vascularized bone graft in spinal surgery.
